The gastrointestinal (GI) microbiota is now widely accepted to be an important modulator of our health and well-being.
The microbes colonising the GI tract aid in promoting gut and immune homeostasis, while alterations in the composition and/or density of these microbes, often referred to as dysbiosis, have been implicated in many intestinal and extra-intestinal disorders. As a result, the GI microbiota is of increasing interest as a therapeutic target. This is particularly the case in the context of GI disorders linked to chronic inflammation of the mucosa.
In this article, we focus on the small intestinal microbiota, which in many senses can be considered the 'forgotten' gut microbiome.
Much of the current knowledge of the microbiota is from studies of faecal samples, which are relatively easy to access, and contain a high microbial biomass that is amenable to widely used cultureindependent approaches. However, the faecal microbiota may be subject to physiological and environmental factors such as intestinal transit time and dietary variation. In contrast, those microbes that colonise the GI mucosa may be less subject to short term environmental variations, and have greater capacity to affect mucosal barrier functions and host immune responses. Assessment of the mucosa-associated microbiota (MAM) has therefore received increasing attention, and these sub-communities in the large bowel show a defined biogeography in healthy subjects 1 as well as variations associated with particular disease states 2 .
Conversely, there has been relatively scant attention paid to the small intestine, particularly the proximal regions (duodenum and jejunum). This is despite the fact that the small intestine represents the greatest surface area of the bowel, estimated to be ten times greater than that of the large intestine 3 . The small intestine is also an important site for digestion, nutrient absorption and immunological functions. Clinically, up to one-third of the population experience some form of upper GI digestive disease or disorder. Yet we understand very little about the structure-function relationships inherent to the proximal GI microbiota, constraining our diagnosis and treatment of these conditions, many of which are associated with chronic inflammation. If we are to fully appreciate the role and potential clinical management of the gut microbiota, we need to better understand the host-microbe interactions of the small intestine.
The small intestinal niche and its 'forgotten microbiota'
The small intestine represents a unique series of niches within
the digestive tract ( Figure 1 ). An important difference relative to the large intestine is the existence of an oxygen gradient, with the In Focus proximal regions more oxygenated, and only the terminal portion being anaerobic, sharing greater similarity with the large bowel. It is a relatively harsh environment characterised by influxes of acidic chyme from the stomach, and the presence of bile and digestive enzymes. The effect of gut motility on digesta residence time is also a strong selective pressure on the microbiota. Thus microbial colonisation of the small intestine, and the proximal regions in particular, is a challenge in comparison to the more hospitable environments of the lower gut. These factors, along with the sporadic presence of host ingested nutrients, mean mucosal colonisation is of particular importance for small intestinal microbes.
For these reasons, the proximal small intestine, was long considered sterile. Early culture-based studies found that in most cases, very limited numbers of bacteria could be isolated 4 , and were often speciated as either oral or colonic/faecal bacteria [5] [6] [7] . The general consensus was that bacteria were not resident but rather contamination from other sites, such as the oral cavity, and were of little relevance. These assumptions were also driven, in no small part, by the fact that the proximal small bowel is difficult to reach and therefore sample. It is only possible to sample this site during medical procedures, primarily endoscopy. Standard endoscopic procedures are only able to reach the duodenum and collection of tissues during these procedures is also inherently susceptible to contamination, via exposure to the oral cavity and lumen. Thus it can be difficult to distinguish between the MAM and non-resident organisms picked up during sampling 8 .
However, as the Helicobacter pylori story so aptly demonstrates, the mucosa of such harsh regions of the GI tract can be stably colonised by niche adapted organisms, and these previously . From these studies there appear to be overlaps with the oral microbial community, at broader taxonomic levels 18 , as well as some similarity to the microbiota of the large bowel, although few studies have directly compared the two regions in the same patients 13 .
While the proximal small bowel lacks many of the highly abundant large bowel groups including Faecalibacterium, Ruminococcus, Bacteroides and Clostridium, there are some overlaps, notably
Prevotella. However, whether the Prevotella spp. observed at the two sites are the same, or represent unique/niche-adapted strains, has not been characterised.
In the context of disease, a primary focus for the small bowel has been coeliac disease. When comparing patients to non-coeliac controls, lower microbial diversity and reductions in the relative abundance of Streptococcus and Prevotella have been reported, along with higher levels of Proteobacteria 10, 12, 14 , although not all studies have identified such differences 11, 16 . In irritable bowel syndrome, a single study has compared the jejunal mucosal microbiome, which is similar in composition to that of the duodenum, in patients and healthy volunteers, however no substantive differences in microbial profiles were observed 19 .
In other regions of the GI tract, increasing interest and attention is being directed towards the further components of the microbiota:
fungi, archaea, viruses, bacteriophage and protozoa 20 . However, in the small intestine, our understanding of these microbes as interacting members of the mucosal microbiota is very limited. In the context of the proximal small bowel, we are aware of only one study to date that has profiled the non-bacterial mucosal community.
This study focused on the mycobiome (the fungal microbiota), and (Table 1) .
Metagenomics, in which total DNA is sequenced, rather than an amplicon, can overcome some of these issues. The risk of amplification bias is greatly reduced, and obtaining partial, to near complete, microbial genomes can enable more specific taxonomic assignments, such as to species level; as well as facilitate assessment of the functional capacity of the microbiota 24 . However, in low microbial load mucosal samples, performing metagenomics is technically challenging 26 and it can be difficult to obtain sufficient microbial biomass for accurate profiles. The 'Brisbane approach' to the small intestinal microbiota
We are interested in the mucosal microbiota in the proximal small bowel in the context of functional gastrointestinal disorders, specifically functional dyspepsia (FD) and irritable bowel syndrome.
Patients with these disorders experience often severe GI symptoms such as meal related pain, fullness, indigestion, bloating and altered bowel habits. These symptoms are associated with mild chronic inflammatory responses but the drivers of inflammation are unknown 29, 30 . The microbiota is suggested to play a key role. However, to understand the potential of host-microbe interactions in driving these symptoms, the constraints limiting the prior studies of the proximal small intestinal MAM must be overcome.
We have recently described an approach in which a sheathed biopsy forceps, designed to remain free of luminal and oral material during sampling of the mucosa, was utilised during endoscopy procedures to sample the small intestinal mucosa 31 . This type of technique is not routinely utilised when sampling in the GI tract, and has facilitated a targeted assessment of the duodenal MAM using molecular and culture-based approaches (Figure 2 ). Through these
In Focus Table 1 . Challenges associated with microbial profiling studies based on amplicon sequencing. Working with human tissues, with low microbial load, presents additional challenges compared to high biomass samples such as stool. techniques, we have identified correlations between bacterial load and the specific symptoms experienced by FD patients 32 . Specifically, the density of mucosal bacteria in the duodenum was positively correlated with meal-related symptoms and negatively correlated with patient quality of life scores. Indeed, bacterial load appears to be a stronger driver of FD symptoms than any specific alteration in the taxonomic profile of the duodenal microbiota.
General considerations
These findings are supported by the recent publication of a placebo-controlled trial in which treatment with the poorly absorbed antibiotic rifaximin was found to reduce symptoms in FD patients 33 .
While profiling studies are useful in regards to identifying the overall structure of a microbial community, the data is limited in its ability to provide functional or mechanistic insights, or indeed reflect the presence of live, niche adapted organisms. 
Conclusion
In summary, the small intestine represents an important component of our GI tract, and yet we know relatively little regarding the microbial communities inhabiting this region. Developments in molecular microbiology have opened a window on the organisms residing in the mucosa; however, further research is required, particularly in regards to understanding the microbiota as a whole, encompassing bacteria, along with fungi, archaea, protozoa and viruses. Innovations in sampling techniques, and further welldesigned studies targeting the MAM of the proximal small intestine, will allow us to better understand the niche-adapted microbes present in this region, and the host-microbe interactions that are likely to be important in disease processes. This provides potential for improved diagnoses and more targeted interventions that will enable treatment of GI disorders, rather than simply management of ongoing patient symptoms. In Focus
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